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ABSTRACT: The hydration environments around the heteropolyanion in
12-phosphotungstic acid (PW12O40H3, HPW) were analyzed as a function
of temperature in the hexahydrated form (HPW·6H2O). Samples were
obtained drying HPW·nH2O with n ∼ 22 at 358 K for 2 h in a furnace with
either uncontrolled air atmosphere or saturated with N2. The existence of a
phase transition in HPW·6H2O and the change in the thermal balance of
hydrated species were tested using a set of multinuclear NMR techniques:
high-resolution 31P and 1H NMR, 31P{1H} spin−echo double resonance,
and {1H}-31P cross-polarization. Diﬀerences in the proton dynamics were
also probed measuring the spin−lattice relaxation time in the rotating frame
(1H-T1ρ), using direct excitation of all
1H species or selecting only those in
the neighborhood of the polyanion with cross-polarization techniques.
Experiments were conducted between 223 and 358 K to induce appreciable
variations in the dynamic equilibrium of hydrated species. Although XRD
and TGA showed the same results for both samples, consistent with HPW·6H2O, structural diﬀerences were detected with NMR,
indicating that the material obtained from the drying process under N2 is more compatible with the hexahydrate.
1H NMR
conﬁrmed the existence of an equilibrium balance between hydration species as a function of temperature: H5O2
+ ↔ H3O
+ +
H2O↔ H
+ + 2H2O. Proton exchange was detected in H3O
+ and also in hydrogen bonds in H5O2
+ at a very fast rate, even at low
temperatures. No evidence of a structural phase transition was found in this sample. For the sample dried in uncontrolled
atmosphere, the presence of mobile water in clusters was detected. Heating from room temperature, the hydrated species
undergo a transformation at 318 K, related to rearrangement/removal of interstitial H2O. A complex sequence of metastable
states and hysteresis eﬀects is observed when this sample is cooled down to room temperature. These results indicate that the
transformation at 318 K is not an intrinsic property of the HPW hexahydrate structure, but it is related to the rearrangement of
interstitial H2O.
1. INTRODUCTION
Keggin-type heteropolyacids have remarkable physical and
chemical properties, such as high polarizability and surface
charge distribution,1 high acidity,2,3 high solubility in aqueous
and nonaqueous solvents,4 suitable redox potentials for electron
and proton transfer/storage,5−7 high miscibility with sol−gel
and polymer matrices,8−11 and the ability to form supra-
molecular complexes with organic compounds.12,13 Applica-
tions for these compounds have been developed in a variety of
ﬁelds, acting as catalyzers, sensors, fuel cells electrolytes, and
electrochromic devices.5−7 Some of these Keggin compounds,
such as the 12-tungstophosphoric acid (PW12O40H3, HPW),
show photochromic and photochemical properties.7,14−18
Recent studies show the possibility of developing organically
modiﬁed silica (ormosil) photochromic materials with HPW,
which might be used for dosimetry in the UV range.18−20 These
materials are prepared by sol−gel methods and can be cast as
ﬁlms. Some of the properties relevant for the photochromic
response may be tuned, varying the concentration and type of
the organic functionalities. For instance, You et al. were able to
switch UV C and B photochromism oﬀ and selectively improve
the UVA sensitivity by forming a charge-transfer complex with
hexamethyphosphoramide.13 In a previous study, we have
demonstrated that diammines favor bielectron photoreduction
as compared to one electron photoreduction.20 One of the
challenges to be addressed is the stability and reproducibility of
these materials prepared under diﬀerent conditions of temper-
ature and humidity and also their stability during operation
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under varying atmospheric conditions. The hydration state is a
concern in several applications of phosphotungstic acid, such as
acid catalysis, ionic conduction, or photocatalysis. In particular,
the role of water in the mechanism of the photochromic eﬀect
in HPW-ormosil materials is still an open problem. To get a
deeper insight on this issue, it is important to analyze the
interaction between the Keggin polyanion PW12O40
3− and the
hydrated species. Many studies were devoted to the complex
problem of the interaction of H with O in the Keggin polyanion
as well as the proton mobility.21−35 Crystalline hydrates HPW·
nH2O might be considered as models for structural and
dynamical properties of the hydrated species around the
polyanions in more complex systems containing dispersed
HPW, such as the photochromic ormosils. In particular, these
hydrates can be useful standards to understand how these
properties reﬂect on the results obtained from local probing
techniques, such as nuclear magnetic resonance (NMR). The
simplest crystalline hydrate is HPW·6H2O, which has been the
subject of several structural analyses.27,36−42 X-ray and neutron
diﬀraction studies revealed a cubic structure composed of HPW
polyanions (PW12O40
3−), establishing hydrogen bonds with
dioxonium groups (H5O2
+). The structure has some degree of
disorder, as the dioxonium can be found in any of two possible
orthogonal orientations with equal probability.36,39,40 The
hydration sphere around the polyanion exhibits a rich dynamic
behavior close to room temperature. Infrared and Raman
spectroscopy results show characteristic bands for H5O2
+,
H3O
+, and H2O arising from dissociations/associations of
dioxonium, leading to the proposal of the following dynamic
equilibrium37
↔ + ↔ ++ + +H O H O H O H 2H O5 2 3 2 2 (1)
Diﬀraction studies at low temperatures show that the central
proton H+ in dioxonium forms strong hydrogen bonds with
both H2O molecules.
40 Theoretical calculations indicate the
possibility of a fast exchange of H+ between two positions close
to each of the oxygens of dioxonium.42 At higher temperatures,
the varying degree of interaction of H+ with the water
molecules gives rise to the various species in eq 1, displacing
the equilibrium to the right side.40,41 Diﬀraction techniques and
Raman spectroscopy revealed changes in the average crystal
structure as a function of temperature, leading to propose a
nonconvergent phase transition at Tc = 318 K, which might be
related to the changes in the equilibrium of the hydrated
species.39,40 The main structural changes associated with this
transition are (i) a decrease in P−O distances, indicating the
shrinkage of the central PO4 tetrahedron in the HPW
polyanion, (ii) a variation in the torsional angle Hw−Ow−H−
Ow−Hw of the dioxonium ion, from 13° at room temperature
to an almost ﬂat conformation (3°) at Tc, and (iii) an increase
in the Ow···Ow distances between the oxygens of the two water
molecules in dioxonium. The latter observation has been
attributed to the displacement of the equilibrium to the right
side of eq 1.40 Also, a concomitant process of partial reduction/
oxidation of W6+ into W5+ around Tc has also been proposed.
40
NMR spectroscopy is able to provide valuable information in
the analysis of HPW hydrates, due to its isotopic selectivity and
sensitivity to variations in the local chemical environments.
NMR techniques have been applied to the study of HPW in
several forms, as, for example, anhydrous,28−30 salts,32−34 and
silica complexes.43 The stages of dehydration of HPW·nH2O up
to 773 K, and the subsequent rehydration have been analyzed
by 31P and 1H NMR at room temperature,27,28 allowing the
identiﬁcation of several hydrated species present in the stable
high-temperature structures, such as H+(H2O)n, H5O2
+, H3O
+,
and H+. However, there are no NMR studies addressing the
complex interplay between dynamics and structure as a
function of temperature around Tc in HPW·6H2O.
We present in this work a detailed study of the behavior of
the hydration environment around the HPW polyanion as a
function of temperature in HPW·6H2O. Samples were prepared
under atmosphere and temperature conditions such as those
relevant to the preparation of HPW-based photochromic
ormosils. The possible relation between the phase transition
in HPW·6H2O and the change in the thermal balance of
hydrated species was tested using a set of multinuclear NMR
techniques. High-resolution 31P NMR was applied to get
information on the conformation of the PO4 local environ-
ments. 1H NMR techniques were used to identify the diﬀerent
proton species and its temperature behavior. The 1H−31P
double resonance techniques of spin echo double resonance
(31P{1H} SEDOR) and cross-polarization ({1H}-31P CP) were
used to selectively identify those hydrated species interacting
more strongly with the HPW polyanion, based on the existence
of magnetic coupling between near 1H and 31P spins.
Dynamical diﬀerences between proton species were also
analyzed measuring the spin−lattice relaxation time in the
rotating frame (T1ρ) for
1H, using direct excitation of all 1H
species or selecting only those in the neighborhood of the
polyanion using CP techniques. Experiments were conducted
between 223 and 358 K, to induce appreciable variations in the
dynamic equilibrium of hydrated species.
2. EXPERIMENTAL SECTION
Samples of hydrated HPW considered in this work were
prepared from commercial 12-tungstophosphoric hydrate
(Sigma-Aldrich, 99.995% trace metal basis). The level of
hydration of this sample, which will be identiﬁed as HPW-0,
was estimated from thermogravimetric tests (TGA), yielding 22
water molecules per polyanion. For the drying procedure, the
powder was dispersed uniformly on a glass plate and kept at a
temperature of 358 ± 1 K for 2 h in an electric furnace. These
conditions to obtain the hexahydrate were determined
considering data from the literature,27,36,38−40,44 and the results
from TGA and 31P NMR experiments in samples obtained
under several combinations of drying temperatures and times
(Table S1 and Figure S1 of the Supporting Information). The
TGA experiments were carried out in a TG 209 Netzsch
equipment with 10 °C/min velocity under nitrogen ﬂow. The
chosen treatment parameters were a safe condition, avoiding
excessive dehydration of the samples. Two kinds of atmosphere
were set up in the furnace chamber: uncontrolled air
atmosphere, with relative humidity in the external environment
between 40% and 70% (sample HPW-I) and continuous ﬂow
of dry nitrogen (sample HPW-II). After this drying stage, the
powder was packed for immediate analysis (XRD, TGA, or
NMR) inside a handling chamber with nitrogen ﬂow (relative
humidity between 15% and 20%). The X-ray diﬀractograms of
these samples were identical to the one reported in refs 39 and
40. The values for the cubic cell parameter obtained for HPW-I
and HPW-II samples were 12.158 and 12.159 Å, respectively,
similar to the value of 12.1516 Å reported in ref 39. The mass
loss curves obtained from the TGA runs were identical in both
samples, yielding a number of 6.0 water molecules per
polyanion (Figure S2 of the Supporting Information). A
control sample of as-provided hydrated 12-tungstophosphoric
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(HPW-0) was used for comparison in NMR experiments.
Further heating of the dried samples was carried out during the
course of some NMR experiments. These subsequent thermal
cycles consisted of heating from 293 to 358 K and cooling
down to 293 K under the nitrogen ﬂow used for magic-angle
spinning (MAS) of the sample. Temperatures were varied in
steps of 10 K with more than 100 min of permanence at each
temperature to record the 1H and 31P NMR spectra. An
additional period of 2 h was spent at 358 K. Temperature
stability was within ±0.2 K.
The NMR experiments were conducted at a magnetic ﬁeld of
9.4 T with a Varian Unity INOVA spectrometer. The MAS
experiments were carried out in a 7 mm double-resonance
Varian-Jakobsen probe, using silicon nitride rotors with Torlon
caps. The 31P spectra were obtained from single pulse excitation
experiments (SPE), with π/2 duration of 3.25 μs, MAS at 2
kHz for HPW-I and 5 kHz for HPW-II, and a recycle delay of
700 s. The 1H spectra were recorded using the DEPTH pulse
sequence to suppress probe background signal,45 with π/2
pulse duration of 3.75 μs, recycle delay of 5 s, and MAS of 2
kHz for HPW-I and 5 kHz for HPW-II. The typical numbers of
scans were 4 for 31P and 16 for 1H. The 1H spectra were also
recorded using the 1H rotor-synchronized spin−echo sequence
π/2-τ-π with π/2 pulse of 3.75 μs, MAS at 5 kHz, separation
times (τ) between 250 and 1000 μs, and up to 40 scans. Cross-
polarization MAS experiments from 1H to 31P were carried out
using typical π/2 pulse duration of 3.75 μs for 1H, contact time
from 2 to 4 ms, and nutation frequency in the Hartmann−
Hahn match of 66 kHz. Typically, up to 60 scans were
collected. The 1H→ 31P CP-MAS dynamics was analyzed using
the T1ρ-quenching pulse sequence (TORQUE).
46 In these CP
experiments, the 1H magnetization is kept in the spin-lock
regime during a ﬁxed time interval tTORQUE = tSL+tCP, where tSL
and tCP are the durations of the periods of spin-lock without
and with polarization transfer to 31P, respectively. In this
method, the dependence of the observed 31P signal on the 1H-
T1ρ is suppressed. This procedure allows the reliable
determination of the characteristic time THP for polarization
transfer, even in cases where T1ρ is shorter than THP.
47 In fact,
this condition might hold in hydrated HPW, due to the long
1H−31P distances (c.a., 6 Å) and might be diﬃcult to detect in
the conventional CP experiment with variable contact time.
The TORQUE experiment yields values of THP and
1H-T1ρ
through the analysis of the 31P magnetization as a function of
tCP, which is given by the expression
46,48
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The tTORQUE time was set to 10 ms, and the contact time tCP
was varied between 0.1 and 10 ms. The 1H-T1ρ can be
measured directly using the spin-lock pulse sequence with
variable lock time. The evolution of the 1H magnetization M(τ)
as a function of the spin-lock time τ is given by the equation48
τ = τ− ρM M e( ) T0 / 1 (3)
where M0 is the initial magnetization at thermal equilibrium.
The nutation frequency of the spin-lock pulse was 66 kHz, and
the duration τ was varied up to 30 ms. Experiments were run
with MAS at 5 kHz, recycle delay of 5 s, and up to 100 scans.
To analyze selectively the 1H-T1ρ for those
1H coupled with
13P, a delayed cross-polarization experiment can be used.47 In
this case, after the initial π/2 pulse, the 1H magnetization is
spin-locked during an evolution time τ, and then indirectly
inspected through a 1H→31P CP contact of ﬁxed duration tCP.
47
The resulting 31P magnetization as a function of τ follows an
exponential decay as in (3), starting from a value MCP(tCP)
determined by the duration of the chosen contact time tCP. The
evolution time τ was varied up to 30 ms in these experiments.
The 1H π/2 pulse duration was 3.75 μs, and tCP was ﬁxed at 2
ms. The nutation frequency of the spin-lock and the CP-
contact pulses was 66 kHz. Up to 80 scans were collected.
31P{1H} SEDOR NMR experiments were carried out at 178
K, using a cross-polarization 1H→31P sequence, instead of a
31P-π/2 pulse, to create the initial 31P magnetization.22 The CP
pulses had nutation frequencies of 66 kHz and durations of 2.5
ms. The 31P spin−echo was created at a ﬁxed time of 400 μs
after the π pulse, and the defocusing π-pulse on 1H was applied
a time τ after the initial CP excitation, varying from 10 to 400
μs. The intensity of the π-pulses for 31P and 1H were both
adjusted to get the same pulse duration of 10 μs. The intensity
S(τ) of the 31P echo was recorded as a function of τ. The
decrease of S(τ) due to dephasing by heteronuclear coupling is
expressed in relative terms as S(τ)/S0, where S0 is the Hahn
echo intensity measured in the absence of the π-pulse on 1H.
For short evolution times, the relative 31P{1H} SEDOR
intensity is given by49,29
τ = τ−S( )
S
e
0
1/2M (2 )2PH
2
(4)
where M2PH is the second moment of the heteronuclear dipolar
interaction between 31P−1H. The value of M2PH can be
calculated for a powder using the van Vleck expression50,51
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where μ0 is the vacuum magnetic permeability, and ri is the
distance between a 31P and the ith 1H spin. Samples of ethanol
and phosphoric acid solution (H3PO4, 85%) were used as
chemical shift standards for 1H (CH3 at 1.1 ppm/TMS) and
31P (0 ppm), respectively.
3. RESULTS
3.1. 31P NMR. Figure 1 shows the 31P-MAS NMR spectra of
HPW samples after diﬀerent thermal cycles, measured at room
temperature (293 K). The values of 31P isotropic shift of the
resolved resonances are compiled in Table 1. The spectrum of
the as-received commercial sample HPW-0 (Figure 1a) shows
two peculiarities: it has the narrowest resonance in the set of
spectra, with 5 Hz full width at half-maximum (fwhm), and
there is no NMR signal response in 1H→31P CP experiments.
These two observations indicate a state of high molecular
mobility for the polyanion. This was conﬁrmed by low
temperature experiments conducted in this sample, which
showed the simultaneous broadening of the 31P resonance and
the appearance of 1H→31P CP signal below 190 K. As will be
discussed below, all samples submitted to thermal treatment
showed 1H→31P CP signal at all temperatures, indicating a
sizable 1H−31P dipolar coupling resulting from less relative
mobility between the polyanion and the neighbor proton
species. Figure 1b shows the spectrum of the sample HPW-I,
dried under normal atmosphere. Compared to HPW-0, there is
a high frequency shift and a broadening of the resonance,
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indicating changes in the environment of the polyanion and/or
dynamical diﬀerences in the proton species. The maximum of
the spectrum is located at −15.7 ppm, consistent with the
chemical shift reported for dried sample identiﬁed as HPW
hexahydrate (−15.6 ppm).27 A partially overlapped resonance
at −15.4 ppm may indicate other chemical/structural environ-
ments related to diﬀerences in the hydration species around the
polyanion. Figure 1c shows the spectrum of this sample after a
thermal cycle inside the NMR probe, attaining the maximum
temperature of 358 K, the same temperature used in the drying
processes. This more symmetric and narrow line, centered at
−15.5 ppm, indicates rearrangements of the hydrated species
leading to better deﬁned environments for the polyanion.
However, this state is not stable, as indicated by the spectrum
in Figure 1d, which was measured 6 days later, after storing the
sealed rotor containing the sample in a desiccator. The position
of the main resonance returned to the initial value of −15.7
ppm, and a new weaker resonance was observed at −15.3 ppm.
This behavior was reproducible upon successive applications of
this thermal cycle on the same sample or in newly dried ones.
On the other hand, Figure 1e shows the 31P-MAS spectrum
from sample HPW-II, dried under a nitrogen atmosphere. The
resonance is slightly asymmetric with a maximum at −15.6
ppm. This spectrum is invariant under the same thermal
process and storage periods applied to HPW-I. Therefore, the
HPW-II sample is in a more stable state. As will be further
discussed, the state of this sample is consistent with the
hexahydrate form HPW·6H2O.
The 31P-MAS NMR spectra were also measured as a function
of temperature during a thermal cycle consisting of a heating
step from 293 to 358 K, at a rate of 2 °C/min with stabilization
and measurement periods of 130 min at each temperature and a
cooling step down to 293 K with the same timescale. Figure 2
(panels a and b) show the 31P NMR spectra measured in
sample HPW-I, respectively, on heating and cooling, revealing
thermal hysteresis phenomena. The evolution of the shape of
the 31P NMR spectrum reveals two regimes as a function of
temperature. From 293 to 313 K, the 31P NMR spectrum of
HPW-I consists of a narrow line, with little variation of the
fwhm. For temperatures above 323 K, there is a progressive
broadening of the main resonance. The change between these
regimes occurs in a temperature range consistent with the
phase transition at 320 K reported for HPW·6H2O.
39 During
the cooling cycle, the broadening of the resonance is reversed
but the 31P chemical shift shows a consistent hysteresis eﬀect,
which can also be clearly noticed, comparing the position of the
resonances of the spectra in Figure 1 (panels b and c). The
hysteresis eﬀects were reproducible in thermal cycles performed
on other samples. Figure 2 (panels a and b) also shows the
presence of a weak peak in the spectra at about −13.5 ppm,
with intensity growing continuously as temperature increases.
This resonance can be attributed to polyanions in environ-
ments with a smaller hydration sphere, since the dehydration of
HPW samples shifts 31P resonances toward higher frequen-
cies.27,30 During the cooling cycle (Figure 2b), the intensity of
this resonance decreases, but a small fraction persists at room
temperature as a metastable state. This signal is not observed
after 1 week, indicating the rehydration of these polyanion
environments. An additional weak line at −14.8 ppm is resolved
in the spectra for temperatures above 343 K and remains
observable on cooling down to room temperature, also as a
metastable state. In contrast, 31P-MAS NMR in the HPW-II
sample does not show any evidence of hysteresis or metastable
species. Figure 2c shows the 31P spectra as a function of
temperature, which were identical on the heating and cooling
steps. In this sample, there are only smooth changes in the
chemical shift and fwhm of the resonance, without any
particular change around the expected transition temperature
Figure 1. 31P-MAS NMR spectra measured at 293 K for several
samples and/or thermal cycles. (a) HPW-0 (commercial sample
without thermal treatments). (b) HPW-I immediately after drying. (c)
HPW-I immediately after a thermal cycle with maximum temperature
of 358 K. (d) HPW-I 6 days after the thermal cycle. (e) HPW-II.
Table 1. 31P and 1H Isotropic Chemical Shifts δiso for the
Resolved Resonances in MAS-NMR Spectra at 293 K
sample 31P-δiso (ppm)
1H-δiso (ppm)
HPW-0 −14.9 7.4
HPW-I −15.7; −15.4 7.3; 6.9 (shoulder)
HPW-I, heated −15.5 7; 6.6; 6.2
HPW-I, heated +1 day 7.6; 6.8; 6.4
HPW-I, heated +7 days −15.7; −15.3 7.6; 7.2; 6.4
HPW-II −15.6 8.9
Figure 2. 31P-MAS NMR spectra measured as a function of
temperature in samples HPW-I and HPW-II immediately after drying.
(a) HPW-I heating. (b) HPW-I cooling. (c) HPW-II (same on heating
and cooling).
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of 320 K. As this sample exhibited more stability, further studies
were conducted on it. The 31P-MAS NMR spectra were
analyzed over an extended temperature range, down to 223 K
(Figure 3). The parameters of the resonance, isotropic chemical
shift, and fwhm are shown as a function of temperature in
Figure 4. Data points from cooling and heating cycles above
room temperature are also included in these plots, demonstrat-
ing the absence of noticeable hysteresis. The evolution of 31P-
δiso with temperature is linear (Figure 4a), without any change
that may reveal the eﬀect of a phase transition on the local
structure around the PO4 group. The evolution of the
resonance line-width (Figure 4b) has a minimum around
room temperature. As will be discussed below, this phenom-
enon is closely related to the temperature behavior of the H-
species.
3.2. 1H NMR. Figure 5 shows a series of 1H-MAS NMR
spectra measured at room temperature (293 K) for samples
with diﬀerent thermal treatments. The chemical shifts of the
observed resonances are compiled in Table 1. The spectrum of
HPW-0 (Figure 5a) shows a single narrow resonance centered
at 1H-δiso = 7.4 ppm (fwhm = 220 Hz). This value of δiso is
compatible with previous attributions to water clusters
H+(H2O)n, according to ref 27. Also, this resonance shows a
well-resolved manifold of low intensity spinning sidebands,
which is a signature of weak 1H homonuclear dipolar
coupling.52 Therefore, all proton species in this sample have
high molecular mobility. This dynamical eﬀect reducing the
dipolar coupling is also observed in the 1H-MAS NMR
spectrum of the HPW-I sample (Figure 5b), measured
immediately after drying at 358 K. The spectrum is similar to
the one observed in HPW-0, with the main peak at δiso = 7.3
ppm and a partially resolved shoulder at 6.9 ppm (total fwhm =
270 Hz). Previous studies reported similar proton resonances
(δiso between 7.0 and 7.5 ppm, fwhm = 400 Hz) in samples
treated at 323 and 373 K.27 After performing a heating cycle up
to 358 K on HPW-I, under dry nitrogen ﬂow within the NMR
probe, a more complex 1H-MAS NMR spectrum is observed
after cooling down to room temperature (Figure 5c), with two
resolved peaks at 6.6 and 6.2 ppm and a broad shoulder above 7
ppm. Subsequent measurements in this sample indicate that
this spectrum corresponds to proton species in metastable
states at room temperature. The 1H spectrum measured 6 days
after the thermal cycle (Figure 5d) shows variations in the
positions and intensities of all lines, with prominent resonances
at 7.6, 7.2 (shoulder), and 6.4 ppm. This pattern is reproducible
upon a second thermal cycle applied to this sample, showing
only diﬀerences in the line intensities. The resonances with
lower chemical shift, 6.6 and 6.2 ppm, might be attributed to
highly mobile H2O molecules in large clusters. The resonances
at 7.6 and 7.2 ppm can be attributed to smaller clusters, such as
H+(H2O)n.
27,53
In contrast with these two samples, the spectrum of HPW-II
(Figure 5e) shows a single broad resonance with maximum at
Figure 3. 31P-MAS NMR spectra measured as a function of
temperature in sample HPW-II on an extended temperature range.
Figure 4. Line parameters of the 31P-MAS NMR resonance measured
as a function of temperature in sample HPW-II: (a) 31P isotropic
chemical shift at the peak position, (b) full width at half-maximum.
Open symbols: data measured on cooling from 358 K down to room
temperature.
Figure 5. 1H-MAS NMR spectra measured at 293 K. (a) HPW-0. (b)
HPW-I immediately after drying. (c) HPW-I immediately after a
thermal cycle with maximum temperature of 358 K. (d) HPW-I 6 days
after the thermal cycle. (e) HPW-II (vertical scale expanded 30 times).
Asterisks: spinning-sidebands.
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δiso = 8.9 ppm (fwhm = 1 kHz). The deviation of the resonance
to higher shifts compared to the lines observed in HPW-I
indicate that these protons are less shielded, therefore they
might be more acidic. This result is consistent with the
resonance at 8.5 ppm previously observed in a hydrated sample
of HPW treated at 373 K,27 which was attributed to H3O
+. The
resonance line in Figure 5e is asymmetrically broadened to the
side of smaller shifts, which might indicate the presence of
H+(H2O)n and/or dioxonium. The spectrum of HPW-II
required higher spinning speeds (5 kHz) to separate the
spinning sidebands from the center band. A substantial fraction
of the intensity of this resonance is distributed in the spinning
sidebands, which indicates strong 1H homonuclear dipolar
coupling and, consequently, less mobility than the protons
observed in the other samples.
Figure 6 shows the evolution of the 1H-MAS NMR spectra as
a function of temperature in HPW-I and HPW-II. The spectra
for HPW-I during the heating and cooling steps are shown,
respectively, in Figure 6 (panels a and b). Figure 6c shows the
spectra for sample HPW-II, which do not show any hysteresis
eﬀect. During the heating cycle of HPW-I, major changes in the
1H-MAS NMR spectra are observed between 313 and 323 K,
consisting in the appearance of a new resonance between 6 and
6.5 ppm and the progressive collapse of the resonance at 7.6
ppm. These processes occur at the same temperatures where
the changes in 31P NMR spectra were observed. At the
maximum temperature (358 K), only a broad resonance at 6.0
ppm is observed (fwhm = 280 Hz). During the cooling step,
there are continuous changes in the 1H NMR spectrum of
HPW-I (Figure 6b). The resonance near 6.4 ppm becomes
well-resolved below 323 K, and several overlapped resonances
appear on the high ﬁeld side of the spectrum. This complex
spectrum corresponds to metastable states of the hydrated
species, as was evidenced by the subsequent isothermal
evolution at 293 K (Figure 5, panels c and d). These states
may comprise interstitial water in clusters, such as (H2O)n with
varying n. On the other hand, none of these complex
transformations of the hydrated species are observed in the
1H-MAS NMR spectra of the HPW-II sample as a function of
temperature (Figure 6c). The absence of hysteresis during the
cooling cycle indicates that these proton species correspond to
a stable state in the analyzed temperature range. A single 1H
resonance is observed with fwhm increasing with temperature.
The spinning sidebands in these MAS spectra reveal a stronger
magnetic dipolar coupling of the protons in this sample, even at
the highest temperatures. Two very weak and narrow
resonances are observed at 4.3 and 1.5 ppm, which might be
associated with protons under fast motion, such as proton
diﬀusion between −OH groups. The 1H-MAS NMR spectrum
of HPW-II was also measured at lower temperatures, in order
to separate resonances from protons with diﬀerent degrees of
mobility. Figure 7 (panels a and b) show the 1H-MAS NMR
spectra measured with SPE and with the π/2-τ-π spin−echo
techniques, respectively. As temperature is lowered, two main
changes can be noted in the SPE spectra. In the ﬁrst place,
there is a strong broadening of the center band and an increase
in the intensity and the extension of the spinning sideband
manifold. These changes are caused by the increase in the
eﬀective 1H homonuclear dipolar coupling due to the reduction
in the proton mobility. Also, a narrow resonance is observed at
δiso = 18.7 ppm (fwhm = 290 Hz) with increasing intensity at
lower temperatures. This chemical shift value is characteristic
for strong hydrogen bonds.53 The isotropic chemical shift and
fwhm of the most intense 1H resonance are plotted as a
function of temperature in Figure 8. The evolution of 1H-δiso
(Figure 8a) shows a substantial slope change at around 263 K,
revealing the onset of dynamical and/or structural changes at
this temperature. The evolution of the resonance line-width
(Figure 8b) has a minimum around room temperature, as
observed for the 31P resonance, indicating a close correlation
between the processes aﬀecting 1H and 31P species. The spin−
echo technique was used as a ﬁlter of the NMR spectrum, using
a long separation time between pulses (τ = 1 ms), attenuating
the signals from protons with strong homonuclear dipolar
coupling. The resulting spectra in Figure 7b show that the main
resonance at 9 ppm is almost completely suppressed from these
spectra, revealing that this set of protons has a sizable
homonuclear coupling, as expected for H+(H2O)2 groups.
The resonances observed in the spectra of Figure 7b are those
corresponding to mobile protons: hydrogen bonds at 18.7 ppm,
Figure 6. 1H-MAS NMR spectra measured as a function of
temperature in samples HPW-I and HPW-II immediately after drying.
(a) HPW-I heating. (b) HWP-I cooling. (c) HPW-II (same spectra on
heating or cooling). Asterisks: spinning-sidebands.
Figure 7. 1H-MAS NMR spectra as a function of temperature in
sample HPW-II measured with two techniques: (a) single pulse
excitation, (b) spin−echo pulse sequence (the vertical scale is
expanded by a factor of 2 in some traces). Asterisks: spinning
sidebands.
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for temperatures below 263 K and −OH protons at 1.5 and 4.2
ppm. The latter resonances are more intense as temperature is
increased, indicating more protons participating of this
diﬀusion-like motion. An additional resonance at 2.8 ppm can
be observed above 303 K, indicating more sites available to
diﬀusion as temperature is raised.
3.3. {1H}-31P Double Resonance Experiments. {1H}-31P
CP-MAS and TORQUE. Double resonance experiments
{1H}→31P were carried out to probe the interaction between
hydration species surrounding the polyanions. Two previous
studies in hydrated HPW reported the impossibility to observe
the {1H}-31P CP-MAS signal.27,20 In the latter study, the lack of
CP response at room temperature in a sample identical to
HPW-0 was attributed to the dynamical averaging of the
1H−31P dipolar coupling due to the reorientation of the
polyanion.20 In contrast, the {1H}-31P CP-MAS signal was
observed in this study for the HPW-I and HPW-II samples.
Figure 9a shows the {1H}-31P CP-MAS spectrum of HPW-I
measured at 293 K, which is very similar to the 31P spectrum
measured by direct SPE. CP signal was also observed at higher
temperatures (Figure 9b, 358 K), indicating that the mobility of
the protons closer to P is not too high in this temperature range
to average out the dipolar coupling. In contrast, the two small
resonances observed in this sample in direct polarization at
−13.5 and −14.8 ppm (Figure 2, panels a and b) have no CP
response at any temperature, indicating fast dynamics for the
protons around these P-species. Figure 9 (panels c and d) show
the {1H}-31P CP-MAS spectra measured for HPW-II at 293 and
358 K. The diﬀerence between the direct SPE and CP spectra
at room temperature may indicate a heterogeneous distribution
of eﬀective 31P−1H dipolar couplings, which is less pronounced
at higher temperatures.
The dynamics of the polarization transfer may be
qualitatively analyzed performing CP experiments with variable
contact time to determine the 1H-T1ρ and the characteristic
cross-relaxation time THP between
1H and 31P. However, this
procedure may yield misleading values when THP is longer than,
or comparable to, T1ρ. Indeed, this might be the case in these
samples due to the expected long 1H−31P distances (>6
Å).36,39,40 For this reason, the TORQUE experiment was used
to test the relative magnitudes of THP and T1ρ in HPW-I and
HPW-II. Figure 10 shows the normalized 31P NMR signal
intensity obtained in {1H}-31P TORQUE experiments run at
293 K on both samples, as a function of the contact time tCP. In
accordance with the analysis in ref 47, the convexity shown by
the TORQUE curves in Figure 10 readily demonstrates that
THP > T1ρ. In principle, the values of THP and T1ρ can be
determined from these curves ﬁtting expression (2), but the
complexity of this formula may lead to high uncertainties in
T1ρ. For this reason, the {
1H}-31P CP-delayed technique was
used to measure T1ρ, as will be described in the next section.
Using the measured value of T1ρ as a starting estimative of this
parameter, the value of THP was determined from the least-
squares ﬁtting of eq 2 to the TORQUE data. The resulting
values, shown in Table 2, demonstrate that the relation THP >
T1ρ holds in both samples.
Figure 8. Line parameters of the main 1H-MAS NMR resonance
measured as a function of temperature in sample HPW-II: (a) 1H
isotropic chemical shift at the peak position and (b) full width at half-
maximum for the center band.
Figure 9. 31P-MAS NMR spectra in (a) HPW-I at 293 K, (b) HPW-I
at 358 K, (c) HPW-II at 293 K, and (d) HPW-II at 358 K. Full line:
spectra obtained with {1H} → 31P cross-polarization. Dashed line:
spectra obtained in single pulse 31P experiments.
Figure 10. Results of the {1H}→31P TORQUE experiment in samples
HPW-I (□) and HPW-II (○) at 293 K. Solid lines: least-squares
ﬁttings of eq 2 to the experimental data, to determine the characteristic
cross-polarization time THP.
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Proton Spin−lattice Relaxation Time in the Rotating
Frame (T1ρ). To get information about the dynamics of the
diﬀerent proton environments, the 1H-T1ρ relaxation time was
measured directly using the spin-lock pulse sequence. Also, the
feasibility of {1H}-31P CP allows the selective measurement of
the 1H-T1ρ from those protons strongly coupled to
31P, using
the indirect {1H}-31P CP-delayed technique. Figure 11 shows
the 1H relaxation curves measured in the HPW-I sample at
room temperature obtained from the direct spin-lock experi-
ment (◇) and the indirect CP experiment (◆). Each curve
can be described by a single T1ρ value, which was calculated
from least-squares ﬁttings of eq 3, resulting in 5.3 ± 0.1 and 2.5
± 0.1 ms for 1H spin-lock and {1H}-31P CP experiments,
respectively. The diﬀerence between these two values reveals
that there is an abundant set of protons not coupled to 31P that
dominates the response in the direct excitation experiments.
These protons correspond to the mobile species in the (H2O)n
clusters detected by 1H-MAS NMR.
Figure 11 also shows the 1H relaxation as a function of the
spin-lock time (open symbols) for the sample of HPW-II at
three diﬀerent temperatures. The nonlinear decays in the
semilogarithmic plots indicate that the relaxation cannot be
described by a single T1ρ value, especially at lower temper-
atures. Instead, it was found that the decays can be satisfactorily
described by biexponential least-squares ﬁttings, giving two T1ρ
values, which are compiled in Table 2. This empirical way of
characterizing the nonexponential relaxation should not be
considered exhaustive, as the possibility of a distribution of
relaxation times cannot be ruled out. The nonexponential
relaxation may be attributed to heterogeneities in the structure
(i.e., two kinds of protons species, or in the dynamics, for
example, compounded motions involving at least two character-
istic timescales). The 1H relaxation curves for HPW-II
measured with the indirect technique {1H}-31P CP are shown
in Figure 11 (closed symbols) for three diﬀerent temperatures,
showing a very weak biexponential behavior. Table 2 shows the
1H-T1ρ values obtained from mono- and biexponential least-
squares ﬁttings. These T1ρ values are very similar to the ones
measured with the direct technique for the 9 ppm resonance.
This result demonstrates that the majority of protons observed
in direct NMR experiments in HPW-II are located in the
vicinity of the polyanions and are able to interact with the
central phosphorus via 1H−31P dipolar coupling. On the other
hand, the protons in hydrogen bonds resolved at low
temperature have T1ρ values (0.5 ± 0.2 and 3.6 ± 0.8 ms)
clearly diﬀerent from the one measured for the protons coupled
to 31P (1.1 ± 0.1 ms). Therefore, there is no eﬀective coupling
with phosphorus. This decoupling can be explained by the high
mobility identiﬁed for these protons from 1H spin−echo
experiments. On the other hand, the relaxation times measured
for the protons coupled to 31P in HPW-II are very diﬀerent
from the one measured in HPW-I (2.5 ± 0.1 ms), indicating
the existence of substantial dynamical diﬀerences in the
hydration environments of the polyanions in both samples.
31P{1H} SEDOR. Figure 12 shows the measured ratios S(τ)/S0
as a function of the dephasing time τ in 31P{1H} SEDOR
experiments. The measurements were carried out at the lowest
temperature attainable in a static NMR probe (178 K) to
suppress dynamical eﬀects that may deviate the 1H−31P dipolar
coupling from the rigid lattice regime.51 The experiment in the
HPW-I sample was carried out 1 day after performing the
temperature cycle up to 358 K to record the 31P and 1H MAS
spectra. The evolution of the SEDOR ratio in the linearized
plot in Figure 12 reveals a Gaussian behavior, in agreement
with eq 4, and a least-squares ﬁtting yielded M2PH = (6.2 ± 0.5)
× 106 rad2 s−2. In the case of the HPW-II sample, there is a
small but noticeable change of slope in the linearized plot
around (2τ)2 = 0.1 ms2. This might be attributed to some
structural/dynamical inhomogeneity in proton environments or
to the inability to attain the full rigid lattice regime at this
temperature. The latter explanation may seem contradictory
with previous 1H NMR results, showing the mobility decrease
of the majority of the protons at low temperatures giving rise to
the broadening of the resonance at 9 ppm. However, the
Table 2. Values for Spin−Lattice Relaxation Time 1H-T1ρ
Measured with the Spin-Lock and with the Delayed {1H}-31P
Cross-Polarization Techniquesa
sample T1ρ (ms) THP (ms) T1ρ (ms)
spin-lock 1H
CP
{1H}-31P TORQUE TORQUE
HPW-I 293
K
5.3 ± 0.1 2.5 ± 0.1 9 ± 1 2.9 ± 0.2
HPW-II 223
K
8 ppm: 0.3 ± 0.1 1.1 ± 0.1 − −
1.4 ± 0.1
18 ppm: 0.5 ± 0.2
3.6 ± 0.8
293 K 0.4 ± 0.1 0.5 ± 0.1 6 ± 1 0.7 ± 0.2
1.1 ± 0.1 1.4 ± 0.1
358 K 0.4 ± 0.1 0.7 ± 0.4 − −
1.2 ± 0.1 1.5 ± 0.5
aValues of the characteristic time for cross-polarization THP are
determined from the {1H}-31P TORQUE experiments.
Figure 11. 1H spin−lattice relaxation curves in the rotating frame at
three diﬀerent temperatures in HPW-II. Open symbols: direct
measurement of the decay of 1H magnetization as a function of the
spin-lock time for the 9 ppm resonance (○) and the −18 ppm
resonance (△). Filled symbols: indirect measurement the 1H
magnetization decay via 1H → 31P cross-polarization transfer, as a
function of the time delay between the proton excitation pulse and the
beginning of the polarization transfer to phosphorus (cross-polar-
ization time ﬁxed at 2.5 ms). Diamonds: results for HPW-I at 293 K.
Lines: mono- or biexponential least-squares ﬁttings to the
experimental data.
The Journal of Physical Chemistry C Article
dx.doi.org/10.1021/jp501887x | J. Phys. Chem. C 2014, 118, 11573−1158311580
protons in hydrogen bonds are executing fast motions at the
lowest temperature attained in MAS NMR experiments (223
K). These facts may lead to an alternative interpretation for the
deviation from the single Gaussian decay: the rigid lattice limit
is fully attained for the majority of protons [i.e., the water
protons in H+(H2O)2] but not completely for the central
proton in the hydrogen bond. With consideration of the slope
of the linearized plot in the broad range with 0.1 ms2 < (2τ)2,
the resulting M2PH is (8.5 ± 0.5) × 10
6 rad2 s−2. This value may
be considered as the best M2PH approximation from the
experimental data compatible with the rigid lattice limit. The
M2PH value calculated from the van Vleck eq 5, using the
crystallographic data for HPW·6H2O from refs 39 and 40, is
12.1 × 106 rad2 s−2, which is substantially higher than the values
experimentally determined for HPW-I or HPW-II. In a scenario
of hydrogen bonds dynamically decoupled from 31P, the van
Vleck calculation disregarding these protons yields a value of
M2HP = 9.4 × 10
6 rad2 s−2, which is closer to the value estimated
for HPW-II.
4. DISCUSSION
Thermal transformations were detected in both samples of
dried HPW. In the case of HPW-I, there are notorious changes
in the 1H and 31P spectra above 323 K, related to
rearrangements of hydrate species and possible removal of
H2O molecules. Some of these transformations are associated
with metastable states of the water species. The chemical shifts
of the 1H NMR resonances and the diﬀerent 1H-T1ρ values
measured in direct and indirect CP experiments indicate an
excess of water, possibly in the form of interstitial (H2O)n
clusters. The narrow 1H NMR resonances indicate high
mobility for these hydrated species. Most of these protons do
not contribute to the CP of 31P, indicating longer distances
and/or high mobility. The low M2PH value compared to the
result of the van Vleck calculation with the crystallographic data
of HPW·6H2O indicate a hydration sphere around the
polyanion with less protons than in the hexahydrate and/or
high mobility for some of them, even at low temperatures,
causing the eﬀective decoupling from 31P.
The sample HPW-II is a more stable product than HPW-I,
with NMR parameters compatible with HPW·6H2O. The
values of chemical shifts for 31P and 1H agree with literature
data for the hexahydrate. The magnetic coupling of the central
31P of the polyanion with the neighboring 1H, quantiﬁed by the
M2PH, is also compatible with the value calculated for the
crystalline HPW·6H2O, considering that the measured M2PH do
not reﬂect the weak coupling with the mobile protons in
hydrogen bonds. Clearly, the thermal treatment under nitrogen
ﬂow is more eﬃcient to remove the water excess from the
starting compound. There are continuous changes in the
spectral parameters as a function of temperature in the range
from 223 to 358 K, which is consistent with the thermal
processes described in expression (1). Three dynamical regimes
can be identiﬁed from the behavior of NMR parameters with
temperature.
(i) Low Temperature (T < 283 K). Most of the protons in
dioxonium groups are in a state of low mobility, resulting in a
1H resonance extremely broadened by 1H−1H dipolar coupling.
There is a fraction of protons (c.a. 10% at 223 K) forming
strong hydrogen bonds and performing fast jumps between two
local equilibrium positions close to each O in dioxonium. The
state of dioxonium groups can be described as a distribution of
conﬁgurations H5O2
+ and H3O
+ + H2O.
(ii) Intermediate Temperature (273 K < T < 313 K). The
decrease of the 1H−1H dipolar interaction indicates higher
mobility for the protons in H3O
+ and H2O. The resonance
from strong hydrogen bonds is not observed, indicating that the
equilibrium has shifted to the middle of eq 1. The dynamic
mixing between the protons may indicate that a new dynamical
process is activated as temperature is increased, such as the
exchange between the three proton positions in H3O
+ and/or
ﬂips of H2O molecules, combined with a possible much slower
proton exchange between H3O
+ and H2O. Flipping motions for
water molecules have already been proposed in some studies.21
(iii) High Temperature (T > 323 K). The decreasing trend
of the 1H−1H dipolar interaction is reversed in this temperature
range, as indicated by the broadening of the 1H resonance,
which seems at variance with the increase in the thermal energy
for the protons. This behavior might indicate a shift in the
equilibrium (1) toward H+ + 2H2O, where a proton from the
dioxonium is able to jump to other sites, such as positions near
the O of the polyanions. This process disrupts the local proton
exchange processes taking place in H3O
+ + H2O, leaving two
close water molecules. In this conﬁguration, an increase in 1H
dipolar coupling is expected. Still, ﬂipping of H2O may be
responsible for keeping the average 1H−1H coupling of the
main resonance relatively low, as the spinning sidebands are still
weak and well-resolved. The presence of new resonances from
fast protons in the OH chemical shift range might support this
interpretation, though they might also be attributed to
migration of H through defects.
The magnitude of the changes in the 31P NMR parameters of
HPW-II, the chemical shift and the line broadening, with
temperature are weak and always well-correlated with the
variation of the equilibrium balance of the proton species.
Therefore, the behavior of the 31P NMR parameters is
associated with the transformations of the neighboring hydrated
species, perturbing the shielding tensor and the residual
1H−31P dipolar coupling, rather than to distortions in the
local geometry of the central PO4 group. This temperature
behavior, essentially related to the dynamic of hydrated species,
contrasts with the case of HPW-I. In this sample, the
transformations aﬀecting the polyanions above 320 K seems
to be structural type transformations, such as the generation of
Figure 12. Results of 31P{1H} SEDOR experiments run at 178 K. (a)
HPW-II sample immediately after drying. (b) HPW-I sample, after a
heating cycle up to 385 K. Lines: least-squares ﬁttings to determine the
heteronuclear second-moment M2PH.
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defects and/or disorder, in a way compatible with the transition
at Tc = 318 K reported previously.
39,40 These processes are
coupled to the behavior of the hydrated species, which in this
sample are too complex and partially irreversible due to water
excess. These results indicate that subtle variations in the
degree of hydration of the sample are critical to determine the
structural behavior of the hydrated polyanion at high
temperature (T > 318 K). Also, the coincidence of the
reported transition temperature Tc = 318 K with the shift of the
equilibrium to the right-hand side of (1) in HPW-II
demonstrates the close interplay between the proton dynamical
processes and the structural evolution.
5. CONCLUSIONS
Drying highly hydrated 12-phosphotungstic acid at 358 K in
ambient or nitrogen atmosphere produces samples with
characteristics similar to HPW hexahydrate according to XRD
and TGA. However, major structural diﬀerences are detected
with NMR techniques, which indicate that the stable material
obtained from the nitrogen process is compatible with the
hexahydrate. In this sample, 1H NMR conﬁrmed the
equilibrium balance between the species in (1) as a function
of temperature, revealing the exchange of protons in H3O
+ and
a very fast exchange in hydrogen bonds in dioxonium at low
temperatures. The detection of a sizable dipolar coupling
1H−31P between 178 and 358 K indicates a state of relatively
restricted mobility of the polyanion and some of the protons, in
contrast with the situation in highly hydrated samples. For the
sample dried in uncontrolled atmosphere, the presence of
mobile water in clusters was detected. Heating from room
temperature, the hydrated species in this sample undergo a
transformation at 318 K, related to the rearrangement and
removal of interstitial water molecules. During the cooling
down to room temperature, there is a complex sequence of
metastable states and hysteresis eﬀects. None of these processes
are observed in the sample processed in nitrogen, indicating
that the transformation at 318 K is not an intrinsic property of
the HPW hexahydrate structure, but it is related to the
rearrangement of interstitial water species.
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